The aims of this study were to investigate the consequences of prolonged patterns of alcohol and marijuana use on white matter integrity and neurocognitive functioning in late adolescence, and examine neurodevelopmental trajectories over three years of regular follow-up visits. Three groups of demographically similar teens received assessments every 1.5 years (controls with consistently minimal substance use, n ¼16; teens who gradually increase their heavy episodic drinking n ¼ 17, and continuous binge drinkers with heavy marijuana use, n ¼ 21), including comprehensive neuropsychological evaluations, diffusion tensor imaging, and detailed substance use interviews. One-way ANOVA identified fifteen white matter clusters that significantly differed between groups at 3-year follow-up, ages 19-22; controls consistently demonstrated higher values of tissue integrity across fiber tracts. Repeated measures ANOVA revealed significant declines in white matter integrity from baseline to 3-year follow-up in the subsample of substance users, along with poorer global neurocognitive performance in alcohol users with heavy marijuana use by the 18-month follow-up. Findings suggest healthier brain white matter microstructure and better neurocognitive performance for teens free from heavy alcohol and marijuana use. Long-term engagement in these substances may adversely influence white matter and increase vulnerability for development of neuropathology purported to underlie future risk-taking and addictive behaviors.
a b s t r a c t
The aims of this study were to investigate the consequences of prolonged patterns of alcohol and marijuana use on white matter integrity and neurocognitive functioning in late adolescence, and examine neurodevelopmental trajectories over three years of regular follow-up visits. Three groups of demographically similar teens received assessments every 1.5 years (controls with consistently minimal substance use, n ¼16; teens who gradually increase their heavy episodic drinking n ¼ 17, and continuous binge drinkers with heavy marijuana use, n ¼ 21), including comprehensive neuropsychological evaluations, diffusion tensor imaging, and detailed substance use interviews. One-way ANOVA identified fifteen white matter clusters that significantly differed between groups at 3-year follow-up, ages 19-22; controls consistently demonstrated higher values of tissue integrity across fiber tracts. Repeated measures ANOVA revealed significant declines in white matter integrity from baseline to 3-year follow-up in the subsample of substance users, along with poorer global neurocognitive performance in alcohol users with heavy marijuana use by the 18-month follow-up. Findings suggest healthier brain white matter microstructure and better neurocognitive performance for teens free from heavy alcohol and marijuana use. Long-term engagement in these substances may adversely influence white matter and increase vulnerability for development of neuropathology purported to underlie future risk-taking and addictive behaviors.
& 2013 Elsevier Ireland Ltd. All rights reserved.
Introduction
Substance use is typically initiated during adolescence, with rates of use increasing into young adulthood. Alcohol is the most commonly used substance, with 70% of high school seniors having at least tried alcohol, 51% being drunk at least once, and most alarmingly, 22% engaging in binge drinking in the past two weeks (i.e., Z 4 drinks on one occasion for females and Z5 drinks for males (Johnston et al., 2012) . Marijuana is the second most commonly used substance, with 46% of high school seniors endorsing lifetime use and 23% endorsing past month use (Johnston et al., 2012) .
These high rates of substance use are concerning, as the adolescent brain is continuing to undergo significant maturation well into young adulthood ( $ 25 years) (Stiles and Jernigan, 2010). These dynamic changes include substantial cortical remodeling (e.g., decreases in gray matter volume and neural pruning) and increases in white matter volume (e.g., myelination and/or axonal caliber) (Yakovlev and Lecours, 1967; Giedd et al., 1999; Gogtay et al., 2004; Stiles and Jernigan, 2010) . It is suspected that ongoing myelination during adolescence facilitates faster and more efficient neural transmission and cognitive processing (Giedd, 2008; Schmithorst and Yuan, 2010; Lebel et al., 2012) which in turn is related to better behavioral performance (Nagy et al., 2004; Fryer et al., 2008; Qiu et al., 2008; Schmithorst and Yuan, 2010) . Therefore, understanding the effects of substance use on white matter maturation is important, as aberrant development could have significant behavioral implications.
In adults, chronic alcohol use has been consistently associated with abnormalities in white matter volume and integrity (Kril et al., 1997; Pfefferbaum et al., 2000 Pfefferbaum et al., , 2006 Pfefferbaum and Sullivan, 2005) . While less research has been done with adolescent populations, preliminary cross-sectional findings suggest that adolescents with alcohol use disorders have reduced white matter microstructural integrity (i.e., reduced fractional anisotropy) in the corpus callosum when compared to non-using teens (Tapert et al., 2003) . In a study of adolescents who did not meet criteria for alcohol abuse or dependence, but did endorse significant binge drinking, widespread reductions in white matter integrity were found throughout the brain and were significantly related to greater lifetime hangover and higher estimated peak blood alcohol levels (McQueeny et al., 2009 
